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Renewable  energy  sources  can  be  a  good  substitute  of  the  fossil  fuels  which  are  being  terminated  fast 
Nowadays  biomass  and  biofuels  are  considered  because  of  their  environment  friendly  characteristics  and 
their  ability  of  supplying  much  more  energy.  An  alternative  means  to  select  the  most  efficient  and  con¬ 
venient  biomass,  is  exergy  analysis.  The  present  paper  has  reviewed  the  existent  surveys  on  the  exergy 
analysis  of  different  kind  of  biomass  included  the  woody  biomass,  herbaceous  and  agricultural  biomass, 
aquatic  biomass,  contaminated  biomass  and  industrial  biomass.  The  most  common  thermochemical 
processes  are  investigated  and  the  efficiency  of  the  different  process  and  various  kinds  of  biomass  are 
determined. 

©  2011  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Fossil  fuels,  the  largest  resource  of  the  world’s  energy  demand, 
are  being  diminished  fast.  Based  on  the  Kyoto  protocol  [1],  replac¬ 
ing  the  fossil  fuel  which  leads  to  global  problems  and  greenhouse 
gas  emission  by  the  hydrogen  energy  system  and  biomass  is  essen¬ 
tial  [2].  Biofuels  with  the  potential  of  supplying  much  more  energy 
than  the  fossil  fuel  are  known  as  the  clean,  renewable  feedstock. 
Nowadays  biofuels  specially  biodiesel  are  considered  much  more 
than  before  [3,4].  An  alternative  means  to  select  the  most  con¬ 
venient  biomass,  is  exergy  analysis.  This  thermodynamic  analysis 
technique  estimates  the  efficiency  of  the  process  and  determines 
the  energy  quality  and  usefulness  [5  ].  Exergy  analysis  makes  us  able 
to  specify  the  maximum  performance  of  a  system  and  the  sources 


*  Corresponding  author.  Tel.:  +60  3  79674462;  fax:  +60  3  79675317. 
E-mail  addresses:  saidur@um.edu.my,  saidur912@yahoo.com  (R.  Saidur). 

1364-0321  /$  -  see  front  matter  ©  201 1  Elsevier  Ltd.  All  rights  reserved, 
doi:  1 0.1 01 6/j.rser.201 1 .07.076 


of  the  irreversibilities  [6].  During  the  past  decades  exergy  analysis 
had  been  used  to  evaluate  the  performance  of  different  systems  and 
to  improve  their  efficiencies  [7-12].  The  relationship  between  the 
exergy  analysis  and  the  sustainability  shows  that  diminution  the 
loss  of  energy  quality  (exergy)  leads  to  increment  of  the  sustain¬ 
ability  of  energy  use  [13].  There  are  numerous  studies  on  exergy 
analysis  and  the  exergy  destructions  which  were  listed  in  Saidur 
et  al.  [14]  article,  precisely. 

The  exergy  analysis  of  material  streams  can  be  divided  to  phys¬ 
ical  and  chemical  exergy  rate.  The  physical  exergy  rate  is  due  to 
the  difference  of  the  system  condition  and  the  reference  condition. 
In  some  surveys  the  physical  exergy  of  biomass  was  considered  to 
be  zero  as  the  initial  and  final  state  was  assumed  to  be  same  as 
the  dead  state  [15,16].  There  are  some  simplicities  and  assumption 
in  calculating  the  chemical  exergy  of  biomass.  In  some  cases  the 
chemical  exergy  of  the  exhaust  gases  and  ash  may  be  neglected 
[15,17,18].  The  most  prevalent  correlation  that  had  been  used  to 
calculate  the  chemical  exergy  of  biomass,  in  case  of  knowing  the 
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Fig.  1.  Schematic  of  thermochemical  processes  of  biomass  [35]. 


chemical  composition  of  them,  is  Szargut’s  correlation  [19].  Besides 
the  mentioned  correlation,  Hepbasli  [20]  reported  that  an  equation 
can  be  used  to  evaluate  the  specific  chemical  exergy  of  biomass.  In 
addition  to  the  differences  of  the  applied  equation  in  the  surveys, 
the  considered  method  to  calculate  each  term  of  these  equations 
can  affect  the  value  of  the  chemical  exergy.  Chemical  exergy  is 
defined  as  the  product  of  lower  heating  value  (LHV)  of  the  fuel  and 
the  exergy  coefficient.  The  amount  of  LHV  can  be  evaluated  based 
on  the  higher  heating  value  (HHV)  [21  ].  HHV  can  be  obtained  from 
the  existent  data  in  literature  or  directly  from  the  experimental 
correlations  [22-24]. 

The  present  paper  has  reviewed  the  existent  surveys  on  the 
exergy  analysis  of  different  kind  of  biomass.  The  articles  are 
classified  four  main  groups  based  on  their  studied  biomass.  The 
classification  of  biomass  is  based  on  the  Vassilev  et  al.’s  surveys 
[25  ].  It  may  be  reported  that  to  the  best  of  authors’  knowledge  there 
is  no  work  on  the  review  of  biomass  as  a  fuel.  Therefore,  this  review 
is  expected  to  fill  this  gap. 

2.  General  consideration  of  thermo-chemical  conversion 
technologies  of  biomass 

Biological  and  thermochemical  processes  are  two  main  methods 
to  convert  the  biomass  into  commercial  products.  Thermo¬ 
chemical  converting  method  can  be  divided  into  three  main  groups 
of  combustion,  pyrolysis  and  gasification  [26-28].  The  desired  form 
of  energy  and  the  type  of  biomass  are  two  important  factors  that 
determine  the  conversion  process. 

Direct  combustion  of  biomass  is  the  traditional  way  of  using 
biomass.  Theoretically,  it  is  possible  to  burn  any  type  of  biomass 
but  the  feasibility  of  biomass  combustion  was  investigated  by  McK- 
endry  [29]  and  it  was  found  that  the  combustion  process  is  possible 
for  the  biomasses  with  moisture  content  of  less  than  50%. 

Pyrolysis  is  heating  biomass  in  absence  of  the  air,  and  it  changes 
the  biomass  into  bio-oil,  char  and  tar  [26].  Demirbas  [30]  had 
defined  the  pyrolysis  as  a  thermal  destruction  of  organic  materials 
in  the  absence  of  the  oxygen. 

One  of  the  most  effective  converting  methods  for  biomass  is 
gasification,  in  which  through  a  partial  oxidation  the  biomass  is 
converted  into  synthesis  gas  and  condensable  compounds  [31,32]. 
During  the  gasification  the  chemical  energy  of  the  biomass  changes 
into  the  thermal  and  chemical  energy  of  the  synthesis  gas  [33]. 
Gasification  achieves  a  higher  conversion  rate  in  comparison  with 
pyrolysis  and  combustion  [34].  The  thermochemical  processes  are 
described  schematically  in  Fig.  1. 

3.  Studies  conducted  on  exergy  analysis  of  biomass 

The  exergy  analysis  of  woody  biomass  will  be  reviewed  first 
in  Section  3.1  and  then  the  exergy  analysis  of  herbaceous  and 


agricultural  biomass  will  be  described  in  Section  3.2.  The  exergetic 
efficiency  of  aquatic  biomass  will  be  evaluated  in  Section  3.3  and 
finally  the  exergy  analysis  of  contaminated  biomass  and  industrial 
biomass  will  be  presented  in  Section  3.4. 

3.1.  Exergy  analysis  of  woody  biomass 

The  exergy  analysis  of  hydrothermal  upgrading  of  biomass 
(HTU)  process  was  carried  out  by  Zhong  et  al.  [36].  During  the  HTU, 
the  biomass  is  converted  to  a  liquid  fuel  with  an  approximately  high 
energy,  which  is  called  biocrude.  The  ratio  of  the  standard  chemi¬ 
cal  exergy  and  net  calorific  value  of  wood  was  calculated  based  on 
the  Szargut  et  al.  formula  [19],  and  they  had  found  that  maximum 
exergy  efficiency  of  this  process  can  be  as  high  as  86%.  By  calcu¬ 
lating  the  maximum  exergy  of  the  reactor  effluent  steam,  it  had 
been  shown  that  it  is  higher  than  the  minimum  exergy  which  was 
needed  for  the  process. 

Rao  et  al.  [37]  conducted  a  survey  on  the  mass,  energy  and 
exergy  balance  analysis  of  a  counter  current  fixed-bed  gasifier.  The 
stoichiometric  equation  of  the  wood  chips  gasification  is  as  follows: 

1.0  biomass  +  7.607  air  =  2.407  CO  +  2.079  H2  +0.181  CH4 

+  1.30CO2  +  6.078  N2  +0.158  H20  + 0.064  Char 

+  0.0547Tar  (1) 

where  biomass  =  C4  543 H6.019O2.36sN0.021*  char  =  C6.75oHi.97oOi  042 
N0.023  and  tar  =  C56ooH6.93oOi.60sNo.oo5- 

They  calculated  the  exergy  balance  by  combining  the  entropy 
and  energy  balances  based  on  methods  used  by  Kirillin  et  al.  [38]. 
The  exergy  evaluation  of  the  solid  was  done  by  using  Shieh  and  Fan 
formula  [39]: 

EXs  =  4.1868{8177.79[C]  +  5.25[N]  +  27,  892[H]  -  3173. 66[0] 

+  0.15[O](7837.67[C]  +  33888. 89[H]  -  4236.1[0])}  (2) 

The  exergy  of  the  mixture  was  calculated  based  on  the  Maxwell’s 
thermodynamics  relationships  by  assuming  the  negligible  pressure 
variation  and  being  ideal  gas  for  the  gas  components  [40].  The  ther¬ 
modynamic  efficiencies  were  calculated  in  a  similar  way  as  the 
Chern  et  al.  [41  ]  had  done  and  were  evaluated  in  three  different 
temperature  of  ambient  and  the  lowest  and  highest  temperatures 
of  the  wood  chips  during  the  gasification  which  are  25  °C,  293  °C, 
and  348  °C,  respectively.  The  maximum  second  law  efficiency  of 
the  wood  chips  was  reported  to  be  65.5%  which  was  related  to  the 
highest  temperature  of  the  process  and  in  the  case  of  considering 
all  the  product  streams  useful. 

A  comparison  between  gasification  of  torrefied  wood  and  con¬ 
ventional  gasification  of  wood  was  done  by  Prins  et  al.  [42].  Wood 
torrefaction  as  a  mild  prolysis  process  was  suggested  to  improve  the 
wood  properties,  and  it  would  lead  to  an  increment  in  heating  value 
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about  5-25%.  During  the  torrefaction  process,  the  volatile  matter 
and  moisture  content  of  wood  was  decreased,  compared  to  the 
original  wood  [43].  Considering  the  electricity  required  for  cryo¬ 
genic  air  separation,  size  reduction  of  torrefied  wood  and  recycling 
cold  synthesis  gas  for  quenching  the  product  gas  of  the  gasifier, 
they  defined  the  overall  exergy  efficiency  as  below: 


iff  —  ^product  gas  T  ^steam 

(^air  sepration  T  ^size  reduction  T  (^gasification/ ^electricity  generation)) 


^wood 


(3) 


where  &  represents  the  overall  efficiency,  s  and  E  are  shown  the 
exergy  and  electricity,  respectively. 

Focusing  on  the  gasification  process,  the  chemical  exergy  of  dif¬ 
ferent  type  of  biofuels  was  evaluated  and  the  gasification  efficiency 
of  treated  wood  and  untreated  wood  are  compared  [44].  The  gasi¬ 
fication  model  that  was  used  comes  with  some  assumption  and 
simplification  such  as  reaching  the  chemical  equilibrium  for  gasi¬ 
fier  products,  ignoring  the  ashes  and  neglecting  the  heat  losses  of 
gasifier  and  dryer.  The  following  correlation  was  used  to  calculate 
the  exergy  efficiency: 

^  _  (gch,gas  +  gph,gas)  ^ 

^ch, biomass 

Exergy  evaluation  is  done  based  on  the  Szargut  et  al.  correlations 
[19]:  ‘ 


calculation  of  biomass  was  done  based  on  the  work  carried  out  by 
Channiwala  et  al.  [47].  The  obtained  exergy  efficiency  of  the  com¬ 
puter  model  for  different  conditions  was  about  69.5-71.8%.  Two 
case  studies  were  investigated  to  validate  the  computer  model  of 
the  process.  One  of  the  case  studies  was  a  quasi’-equilibrium  model 
[48]  and  another  one  was  the  case  in  which  conversion  process 
occurs  incompletely.  Exergy  efficiency  of  the  first  case  study  was 
much  more  similar  to  the  computer  simulation  than  the  second 
one.  The  results  of  second  case  study  showed  a  reduction  of  7-8% 
in  exergy  efficiency. 

Evaluating  the  exergetic  efficiency  of  the  conversion  process  of 
biomass  to  SNG  during  an  indirect  gasification  had  been  done  by 
Vitasari  et  al.  [49].  The  effect  of  main  process  parameters  such  as  the 
gasification  pressure,  methanation  pressure  and  the  temperature 
of  the  cooled  reactor  were  investigated.  By  using  the  Gibbs-reactor 
model  of  Aspen  Plus  simulator  both  gasification  and  combustion 
section  were  modelled.  However,  based  on  the  Jurascik  at  al.  work, 
the  gasification  model  does  not  affect  the  rate  of  produced  SNG  and 
the  error  of  the  exergetic  efficiency  is  negligible  [50].  Treated  wood 
with  the  higher  heating  value  of  1 9.69  was  one  of  the  biomass  fuels 
which  were  considered.  The  ratio  of  the  exergy  output  relative  to 
the  exergy  input  of  the  process  was  defined  as  the  overall  exergetic 
efficiency  (ty): 

,  _  EsNG  +  I]0UtEstream 

V  V  E  +V  £Q  +  V  Ew  ^ 

Z^inc'  +  Zj  incj  +  Z^in^k 


ech, total  —  Zorg(pLHVorg)  +  Zs(ech,s  —  G)  +  Avaterf'th, water 
+  -^ash^ch,ash 

The  factor  ft  is  the  ratio  of  the  chemical  exergy  to  the  LHV  of  the 
organic  fraction  of  biomass,  which  was  calculated  based  on  the 
Szargut  et  al.  equations  [19]  for  the  solid  biofuels: 


where  all  the  exergy  terms  were  calculated  based  on  the  Szargut 
and  Rivero  [51,52]  correlations.  The  influence  of  the  pressure 
and  temperature  on  the  exergy  efficiency  of  the  process  was 
investigated  by  Vitasari  et  al.  [49].  Increment  of  SNG  production 


1.044  +  0.0160(Zh/Zc)  -  0.3493(Zo/Zc)[l  +  0.0531  (ZH/ZC)]  +  0.0493(ZN/ZC) 

1  —  0.4124(Zo/Zc) 


The  proximate  and  ultimate  analysis  data  of  treated  wood  and 
untreated  wood  were  obtained  from  the  Phyllis  database  [45].  The 
calculated  (3  of  the  treated  wood  and  untreated  wood  are  approxi¬ 
mately  same  which  was  1.119  and  1.122,  respectively.  The  reported 
chemical  exergy  was  found  to  be  17,129  kj/kg  for  treated  wood 
and  16,634  kj/kg  for  untreated  wood.  The  efficiency  based  on  the 
chemical  and  physical  exergy  of  both  of  the  fuels  are  around  75%. 

Exergetic  efficiency  of  the  conversion  process  of  biomass  to  syn¬ 
thetic  natural  gas  (SNG)  was  evaluated  by  Jurascik  et  al.  [46].  They 
had  simulated  the  conversion  process  of  woody  stream  with  higher 
heating  value  of  19.7MJ/kg  by  using  the  Flow  sheeting  program 
Aspen  plus.  The  exergy  balance  analysis  and  irreversibility  evalua¬ 
tion  was  done  based  on  the  Szargut  et  al.  [19]  calculation.  They  had 
considered  three  different  definitions  of  exergy  efficiency  which 
are  listed  below: 

*1  =  ^  (7) 

£tot,in 

Considering  the  exergy  rate  of  the  product  steam  streams: 


(£sng  +  ^steam,prod ) 
£tot,in 


Considering  the  both  exergy  rate  of  steam  streams  and  heat  of  the 
production: 


l^SNG  "I"  ^stearr^prod 


^totdn 


They  had  concluded  that  the  higher  gasification  pressure  can  affect 
the  ^i,  ^2  positively  unlike  the  ^3  which  increase  at  lower  pres¬ 
sure.  The  lower  heating  value  evaluation  and  the  exergy  content 


rate  and  reduction  of  exergy  input  by  increasing  the  gasification 
pressure  had  been  shown  as  the  two  main  causes  of  positive  influ¬ 
ence  on  the  exergetic  efficiency.  The  largest  irreversibilities  of  using 
treated  wood  as  feedstock  were  determined  in  biomass  gasification, 
methanation  section  and  C02  removal.  Irreversibilities  of  gasifier 
which  was  about  the  half  of  the  total  irreversibilities  of  the  process 
can  be  reduced  with  gasification  pressure.  Influence  of  tempera¬ 
ture  was  investigated  by  keeping  the  pressure  constant.  Increasing 
the  temperature  in  the  first  methanation  reactor  would  lead  to 
reduction  of  exergetic  efficiency  for  treated  wood. 

Treated  wood  with  high  carbon  and  low  ash  content  was  con¬ 
sidered  as  one  of  the  best  feedstock  for  producing  SNG. 

The  exergy  assessment  of  an  integrated  Rankine  cycle  with  a 
biomass  combustor  was  investigated  by  Al-Sulaiman  et  al.  [53]. 
Pine  sawdust  with  10%  moisture  content  was  the  biomass  fuel 
which  was  considered  as  the  fuel  of  combustor.  The  electrical- 
exergy  efficiency  of  the  system  was  defined  as  the  rate  of  the  net 
power  to  the  exergy  rate  of  the  fuel.  The  exergy  rate  of  the  fuel  can 
be  evaluated  by  using  Eq.  (1 1 )  [54]: 


Exf  =  P  LHV/  (11) 

The  effect  of  the  evaporator  pinch  point,  pump  and  turbine  inlet 
temperature  on  the  exergy  efficiency  were  investigated,  and  it  was 
found  out  that  the  main  sources  of  exergy  destruction  are  the  evap¬ 
orator  and  biomass  combustor. 

The  summary  of  reviewed  articles  in  exergy  analysis  of  woody 
biomass  is  tabulated  in  Table  1. 
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Table  1 

Findings  of  exergy  analysis  of  woody  biomass. 


No. 

Thermochemical  process 

Type  of  woody  biomass 

Key  results 

Ref. 

1 

Hydrothermal  upgrading  of  biomass 

Wood 

Maximum  exergy  efficiency  of  this  process  can  be  as  high  as  86%. 

[25] 

2 

Gasification 

Wood  chips 

The  maximum  second  law  efficiency  of  the  wood  chips  is  reported 
to  be  65.5%. 

[26] 

3 

Gasification 

Torrefied  wood 

The  overall  efficiency  of  air-blown  gasification  is  lower  for 
torrefied  wood  than  wood. 

[31] 

4 

Gasification 

Treated  wood  and  untreated  wood 

The  exergetic  efficiency  of  both  fuels  are  reported  around  75%. 

[33] 

5 

Gasification 

Wood 

The  obtained  exergy  efficiency  of  the  computer  model  is  about 
69.5-71.8%. 

[35-47] 

6 

Indirect  gasification 

Treated  wood 

Largest  irreversibilities  occur  in  biomass  gasification,  methanation 
and  CO2  removal. 

[38] 

7 

Combustion 

Pine  sawdust 

Main  sources  of  exergy  destruction  are  the  evaporator  and 
biomass  combustor. 

[42] 

3.2.  Exergy  analysis  of  herbaceous  and  agricultural  biomass 

Based  on  the  “process  analysis  method”  the  exergy  of  rape  seed 
oil  methyl  ester  (RME)  was  investigated  by  Kalinci  et  al.  [17].  Pro¬ 
cess  analysis  method  is  a  common  method  to  obtain  reasonable 
data  for  energy  and  exergy  analysis  [55,56].  The  chemical  exergy  of 
liquid  fuels  were  calculated  based  on  Eq.  (12)  [19]: 

Ech  —  fi(C  +  LwZw )  +  EchwZw  (12) 

where  C  represents  the  net  calorific  value,  the  enthalpy  of  phase 
change  for  water  was  shown  by  Lw  which  was  equal  to  2440  kj/kg 
and  chemical  exergy  of  water  (Echw)  was  50  kj/kg.  The  quality  factor 
(P)  can  be  estimated  by  following  correlation  (13): 


65.21-72.06%  for  the  plug-flow  reactor.  The  effect  of  the  operation 
temperature  on  the  exergetic  efficiency  was  also  studied  and  they 
have  found  that  for  both  types  of  reactors,  increasing  the  operat¬ 
ing  temperature  between  40  °C  and  50  °C  leads  to  an  increment  of 
exergetic  efficiencies. 

Applying  the  combustion  diagnosis  model,  Benjumea  et  al.  [15] 
had  evaluated  the  effect  of  palm  oil  fuelling  and  the  altitude  on  the 
performance  of  the  diesel  engine.  The  considered  model  was  based 
on  the  Lapuerta  et  al.  [61].  The  defined  dead  state  was  a  pressure 
of  101.325  kPa  and  the  temperature  of  298.15  K.  According  to  the 
Rosen  et  al.  [62,63],  they  assumed  the  same  dead  state  for  different 
altitudes.  The  exergy  destruction  was  calculated  based  on  Eq.  ( 1 7): 


1.041  +  0.216(Zh2/Zc)  -  0.250(Zo2/Zc)[1  +  0.788(Zh2/Zc)]  +  0.045(Zh2/Zc) 

1  -0.304(Zq2/Zc) 


(13) 


The  calculated  exergy  of  rape  seed  was  reported  to  be  28.7  MJ/kg, 
where  the  estimated  chemical  exergy  of  rape  seed  oil  and  RME  was 
reported  to  be  44.8  MJ/kg  and  50.5  MJ/kg,  respectively. 

Exergy  analysis  and  sustainability  of  the  ethanol  production 
from  lignocellulosic  biomass  were  evaluated  by  Ojeda  et  al.  [18]. 
They  had  considered  three  different  technologies  for  converting 
the  sugarcane  bagasse  to  the  ethanol.  Exergy  was  calculated  for 
the  main  stream  of  the  process  such  as  re-treatment,  fermentation 
and  separation.  The  exergy  balance  for  each  step  of  the  process  had 
been  written  as: 

Exergy  input  -  Exergy  output  -  Exergy  consumption 
=  Exergy  accumulation  (14) 


The  consumed  exergy  was  estimated  according  to  Shukuya  et  al. 
[57]  correlation.  The  exergetic  efficiency  of  the  process  was  calcu¬ 
lated  based  on  Eq.  (15): 


efficiency 


effective  exergy  obtained 
exergy  consumed  in  resource 


(15) 


The  highest  efficiency  was  reported  in  case  of  steam  explosion 
pre-treatment  which  is  79.58%  and  the  lowest  one  (73.98%)  was 
related  to  acid  diluted  pre-treatment. 

The  effective  method  that  Ojeda  et  al.  [58]  had  used  to  evaluate 
the  efficiency  of  converting  lignocellulosic  biomass  to  bioethanol  by 
means  of  enzymatic  hydrolysis  reactor,  was  exergy  analysis.  Kinetic 
[59]  and  reactor  models  were  investigated  in  their  survey.  Exergy 
flows  of  the  streams  were  calculated  by  means  of  Gibbs  free  energy 
formation  [60]  and  the  exergy  efficiency  was  obtained  based  on  Eq. 
(16): 


Exergy  in  products 
r)e  ~  Total  exergy  input 


(16) 


The  reported  exergy  efficiency  for  continuous  stirred-tank  reac¬ 
tor  was  between  64.27%  and  68.12%  and  this  value  changes  to 


SEd  =  -  (l  -  j- )  <5QW  -  (P  -  P0)dV  -  mcy|decy|  +  e?dmf  (17) 

The  chemical  exergy  of  the  fuel  (efh)  was  obtained  due  to  its 
composition  and  LHV  [64].  In  calculating  the  exergy  destruction, 
the  chemical  exergy  of  exhausted  gases  was  not  considered.  The 
result  of  this  survey  had  shown  that,  increasing  the  altitude  leads 
to  a  reduction  of  the  exergy  destruction.  They  had  also  pointed  out 
that  variation  of  chemical  composition  and  burning  rate  of  the  fuel 
would  affect  the  exergy  destruction. 

The  performance  of  compression  engine  using  the  cotton  seed 
oil  and  palm  oil  as  biofuels,  were  evaluated  by  Azoumah  et  al.  [65]. 
The  correlation  that  they  had  considered  for  the  exergy  consump¬ 
tion  is: 

Ex  =  w  +  8Ex  (18) 

where  the  exergy  destroyed  (8EX)  was  calculated  based  on  the 
Gouy-Stodola  theorem,  and  the  chemical  exergy  of  the  fuel  was 
not  considered  in  this  survey.  The  exergy  efficiency  was  defined 
as  the  ratio  of  converted  electric  power  to  the  exergy  consump¬ 
tion.  The  result  had  shown  that  as  engine  load  increases,  the  exergy 
efficiency  would  decrease. 

Renewability  of  the  corn-ethanol  process  was  studied  by  Yang 
et  al.  [66]  by  means  of  the  cumulative  exergetic  method  [67].  The 
net  exergy  consumption  was  evaluated  based  on  Eq.  (19)  [68,69]: 

CHEX  =  CEXC  -  Exp  (19) 

where  CNEX  and  CEXC  represent  the  concept  of  net  exergy  con¬ 
sumption  and  cumulative  exergy  consumption,  respectively.  The 
EXp  determines  the  chemical  exergy  of  products.  The  total  CNEX 
was  obtained  to  be  259,540  MJ. 

The  reviewed  papers  in  herbaceous  and  agricultural  biomass  are 
summarized  in  Table  2. 
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Table  2 

Summary  of  results  on  exergy  analysis  of  herbaceous  biomass. 
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No 

Process 

Type  of  woody  biomass 

Key  results 

Ref 

1 

RME  production 

Rape  seed  oil 

The  calculated  chemical  exergy  of  rape  seed  oil  and  RME  is  44.8  MJ/kg  and 

50.5  MJ/kg,  respectively. 

[7-17] 

2 

Ethanol  production 

Lignocellulosic 

Highest  efficiency  is  reported  79.58%  whereas  the  lowest  efficiency  is  73.98%. 

[8-18] 

3 

Bioethanol  production 

Lignocellulosic 

The  reported  exergy  efficiency  for  continues  stirred  tank  is  in  range  of 
64.27-68.12%  and  it  changes  to  65.21-72.06%  for  plug  flow  reactor. 

[47] 

4 

Combustion  in  diesel  engine 

Palm  oil 

The  result  has  shown  that  increasing  the  altitudes  lead  to  a  reduction  of  exergy 
destruction. 

[5] 

5 

Combustion  in  an  engine 

Cotton  seed  oil,  palm  oil 

The  results  pointed  out  that  as  engine  loads  increases  the  exergy  efficiency 
would  decrease. 

[54] 

6 

Ethanol  production 

Corn 

The  obtained  net  exergy  consumption  for  the  whole  process  is  259,540  MJ. 

[55] 

3.3. 

Exergy  analysis  of  aquatic  biomass 

three  cases  were  considered  in  this  study.  It  had  been  shown  that 

Exergetic  efficiency  of  the  algal  biodiesel  production  process 
was  assessed  by  Sorguven  et  al.  [70].  The  exergy  balance  around  the 
mixer,  reactor,  holding  tank  and  separation  tank  was  calculated  by 
the  authors.  The  chemical  exergy  of  CzHy  was  predicted  with  the 
aid  using  Eq.  (20)  [71]: 


the  SNG  production  is  the  most  efficient  process  among  the  five 
studied  processes.  The  obtained  exergetic  efficiency  of  the  SNG  was 
ranged  between  50  and  58%,  whereas  it  was  45-52%  for  hydro¬ 
gen  production.  They  had  also  found  that  the  most  part  of  the 
irreversibilities  occur  in  the  gasifier. 


ech  =  LHV 


(l. 04224 +  0.01 1925 


y_ 

Z 


0.042  ^ 


(20) 


Exergy  destruction  was  presented  as  a  function  of  diesel  cycle 
parameters  such  as  heat  input,  cut  off  ratio  and  compression  ratio: 

^destroyed  =  ^  —  k\v\rc  —  1)  (21) 

Considering  r=15,  rc  =  5  and  l<  =  1.4,  therefore  exergy  destruction 
was  equal  to  0.38  x  Qin. 

The  total  exergy  loss  of  the  process  was  calculated  0.1 9  GJ  per  ton 
of  biodiesel  and  the  reactor  was  detected  as  the  main  source  of  irre¬ 
versibilities.  Based  on  the  Talens  et  al.  work’s  [72]  the  actual  exergy 
loss  must  be  larger  than  the  calculated  value.  Comparing  the  chemi¬ 
cal  exergy  of  the  proposed  biodiesel  and  other  fuels,  Sorguven  et  al. 
[70]  had  shown  that,  common  diesel  fuel  had  the  highest  exergy 
of  47.2  GJ/ton,  which  was  followed  by  gasoline  and  algal  biodiesel 
with  chemical  exergy  of  46.9  GJ/ton  and  40.1  GJ/ton,  respectively. 


3.4.  Exergy  analysis  of  contaminated  and  industrial  biomass 


The  possibility  of  sludge  gasification  and  methanol  synthesis 
was  assessed  by  Ptasinski  et  al.  [73].  The  process  of  synthesis 
methanol  from  sludge  was  simulated  using  the  Aspen  Plus  and  the 
exergetic  efficiency  of  the  process  was  demonstrated.  The  assumed 
LHV  of  the  sludge  was  considered  as  12MJ/kg.  Exergy  analysis 
was  carried  out  for  the  thermal  dryer,  gas  cleaning  segment,  com¬ 
pressors,  methanol  synthesis  and  separation  segments  and  heat 
recovery  sections.  The  calculated  chemical  exergy  of  the  sludge 
based  on  the  Szargut  et  al.  formula  [19],  was  2845kJ/kg  of  wet 
sludge.  Ptasinski  et  al.  [73]  had  shown  that  the  total  irreversibil¬ 
ities  increased  with  an  increment  in  gasifier  temperature  and  dry 
solid  content.  The  highest  exergy  losses  occurred  in  gasification 
segment,  compression  and  thermal  drying  sections. 

Five  different  conversion  processes  resulted  in  SNG,  methanol, 
Fischer-Tropsch  fuels,  hydrogen  and  heat-electricity  of  several 
biowaste  streams  were  evaluated  in  a  survey  by  Sues  et  al.  [34]. 
All  the  processes  had  been  modelled  in  Aspen  Plus  to  analyze  the 
mass  and  energy  balances.  Kotas  definition’s  [64]  for  exergy  effi¬ 
ciency  was  selected  to  calculate  the  efficiency  of  the  conversion 
process.  The  defined  rational  efficiency  was  shown  in  Eq.  (22): 


out  +  ^surplus  stream 
7  77  7n 


F  -C  \A/  F 


(22) 


Special  chemical  exergy  of  the  compounds  was  obtained  from 
the  literature  review  [19].  Because  of  the  effects  of  external  heat, 


4.  Future  direction 

It  seems  that  there  is  a  lack  of  data  on  analysis  of  contaminated 
and  industrial  biomass,  which  is  very  important  with  respect  to  the 
environmental  pollution.  An  exergy  analysis  of  this  sort  of  biomass 
can  determine  the  importance  and  essentiality  of  their  use. 

An  exergy  analysis  of  other  kind  of  thermochemical  process 
rather  than  gasification  could  be  a  good  research  area  for  further 
studies. 

5.  Conclusion 

Following  conclusions  can  be  made  based  on  this  study: 

(1)  In  most  of  the  exergy  analysis  that  had  been  done,  gasification 
found  to  be  the  main  thermochemical  process.  As  it  mentioned, 
gasification  is  the  most  effective  converting  method  of  biomass. 

(2)  The  calculated  exergy  efficiency  and  the  exergy  destruction 
were  highly  depended  on  the  used  procedures,  equations  and 
formulas. 

(3)  Gasification,  methanation  and  C02  removal  are  determined  as 
the  main  sources  of  exergy  losses. 

(4)  Among  the  investigated  feedstock  for  biodiesel  production, 
which  were  cotton  seed  oil,  rape  seed  oil  and  palm  oil,  palm  oil 
has  a  good  potential  to  be  converted  into  a  appropriate  biofuel. 

(5 )  It  has  been  shown  that  the  chemical  exergy  of  the  algal  biodiesel 
is  close  to  the  exergy  of  the  common  diesel  fuel  and  gasoline, 
and  by  some  improvements  it  may  be  a  good  choice. 

(6)  Among  the  five  different  conversion  processes  resulted  in  SNG, 
methanol,  Fischer-Tropsch  fuels,  hydrogen  and  heat-electricity 
of  several  biowaste  streams,  the  exergy  efficiency  of  the  SNG 
production  is  the  highest. 

(7)  In  most  of  the  studies,  Aspen  Plus  was  used  to  simulate  the 
process  and  analyze  the  mass  and  energy  balances. 
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